Cortical somatosensory evoked potentials (CSEP) allow monitoring of spinal cord function during surgery. Ketamine has been shown to enhance CSEP amplitude, but there is no previous study comparing its effects with those of other anaesthetic regimens. Therefore, we have compared the effects of ketamine with those of fentanyl, both combined with midazolam, on CSEP monitoring during major spine surgery. Twenty patients with normal preoperative CSEP were allocated randomly to a ketamine or fentanyl group. Anaesthesia was induced with ketamine 3 mg kg and 60% nitrous oxide in oxygen. CSEP were elicited by tibial posterior nerve stimulation and measured P1 and N1 latencies, and P1-N1 amplitude. CSEP were recorded before and after induction, at 15 min, 1 and 2 h after induction, during skin closure and after removal of nitrous oxide. Both groups were comparable in characteristics, duration of surgery, mean arterial pressure and temperature. CSEP latencies were not significantly affected in either group. CSEP amplitude decreased significantly overtime in the fentanyl group (from mean 2.02 (SEM 0.41) to 0.95 (0.17) V, P:0.05), but not in the ketamine group (from 1.33 (0.36) to 1.05 (0.31) V, ns). Nevertheless, we did not observe any significant differences in amplitudes or latencies between the two groups. The delay in obtaining the first voluntary postoperative motor response was significantly greater in the ketamine group (170 (54) vs 55 (17) min, P:0.01). Both ketamine and fentanyl allowed us to obtain reliable CSEP during major spine surgery, and there were no significant difference between these two anaesthetic regimens for CSEP monitoring, but a longer delay for voluntary postoperative motor assessment was observed in the ketamine group. (Br.
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Cortical somatosensory evoked potentials (CSEP) assess neural transmission in afferent spinal cord pathways and are used to monitor spinal cord function during spine surgery to prevent neurological injury. 1 2 However, changes in CSEP may result from surgical stimulation, 3 4 anaesthetic agents [5] [6] [7] [8] or haemodynamic instability. 1 9 Consequently, to improve CSEP recording and increase their reliability, the anaesthetic technique should minimize its effects on amplitudes and latencies of CSEP, and provide haemodynamic stability.
Previous studies have reported that fentanyl 3 5 7 10 and midazolam 7 induce modest alterations in CSEP amplitudes and latencies enabling appropriate monitoring of CSEP signals. Moreover, the combination of fentanyl and midazolam provides haemodynamic stability. Ketamine has been shown to enhance CSEP amplitude and has therefore been suggested as a useful anaesthetic agent when CSEP are required, enabling more reliable intraoperative spinal cord function monitoring. 11 However, this study was not performed during spine surgery, did not assess the effects of ketamine over a long period and did not compare ketamine with another anaesthetic agent. Thus our prospective, randomized study was undertaken to compare the effects of ketamine-midazolam with fentanyl-midazolam anaesthesia on CSEP monitoring during major spine surgery.
Patients and methods
After obtaining approval from the local Ethics Committee and informed consent, we studied 20 consecutive ASA I-II patients undergoing major spine surgery (scoliosis or spinal fusion). Patients with abnormal preoperative CSEP were excluded; additional criteria for exclusion were hypertension, coronary artery disease, psychiatric disorders and ASA III or IV status. CSEP were recorded with a Nicolet compact IV (Nicolet Biomedical Instruments, Madison, WI, USA) and were elicited by alternate right and left tibial posterior nerve stimulation with subdermal needle electrodes placed on the ankle (frequency 4.3 Hz, duration 150 ms, intensity twice the motor threshold). As regional hypothermia could affect CSEP, 12 we paid careful attention to covering the lower limbs with a heating blanket. CSEP were recorded simultaneously with transcutaneous scalp Ag-AgCl electrodes (impedance:2 k⍀) located in the medio-central and medio-frontal positions (C Z -F Z in the International 10-20 System).
1 To obtain a better CSEP signal, 500 stimulations were cumulated and averaged every 2 min, using bandpass filters of 10 and 1000 Hz and recorded over a 100-ms time base. At each sample period, CSEP measurements were obtained by averaging duplicate tracings. During diathermy, CSEP acquisition was halted automatically. According to the nomenclature of the cortical peaks of tibial nerve evoked potentials described by Nuwer 13 and Stöhr, 14 positive waves of the CSEP are represented by downward deflections and labelled P ( fig. 1 ). In the same way, negative waves of the CSEP are represented by upward deflections and labelled N ( fig. 1 ). Latencies were measured regarding positivity at approximately 40 ms (P1) and negativity at approximately 50 ms (N1) of the primary cortical peaks from the time of stimulus. Amplitude (A) was measured frorn peak to peak of these two deflections ( fig. 1 ). CSEP monitoring was recorded continuously by a trained neurophysiologist who was unaware of the anaesthesia technique used. Intraoperative abnormalities of CSEP were defined as an increase in latency (P1 or N1) of at least 10% of previous values (throughout two acquisition periods, 4 min) and a decrease in amplitude of at least 50% of previous values, as reported previously. 1 2 6 According to our routine procedure and as recommended previously, 2 a "wake-up" test 15 was required if such abnormalities occurred during a high-risk period of surgery.
MEASUREMENTS
The following variables were measured simultaneously while patients were awake (control period), at the end of induction, 15 min, 1 and 2 h after induction, during skin closure and after removal of nitrous oxide (expired concentration this test was explained to each patient during the preoperative visit, and the postoperative assessment was performed every 15 min in the recovery room by a physician who was unaware of the anaesthesia technique.
STATISTICAL ANALYSIS
Data are expressed as mean (SEM). Comparisons of two means and two percentages were performed using the Student's t test and Fisher's exact method, respectively. Comparison of several means was performed using repeated-measure analysis of variance and Newman-Keuls test. All P values were twotailed and P:0.05 was considered significant. Statistical analysis was performed on a computer using PCSM software (Deltasoft, Meylan, France).
Results
CSEP recording was available and satisfactorily analysed in all patients throughout the study. We did not have to perform a wake-up test, and no neurological complications occurred during or after surgery. We did not observe any undesirable psychomimetic side effects related to ketamine. There were no significant differences between the two groups in age, ASA status, body weight, duration of anaesthesia or surgery, total dose of nicardipine, intraoperative fluids or blood transfusion ( fig. 2) . In both groups, we observed no significant increases in CSEP amplitude at the end of surgery after removal of nitrous oxide and there were no significant differences between groups ( fig. 2) . Latencies of P1 ( fig. 3 ) and N1 ( fig. 4 ) remained unchanged in each group throughout the study, including during removal of nitrous oxide. There were no significant differences in latencies between the two groups ( figs 3, 4) .
We observed a significantly longer delay of recovery, assessed by the first voluntary motor response, in the ketamine group compared with the fentanyl group (fig. 5 ).
Discussion
We found that both ketamine-midazolam and fentanyl-midazolam anaesthesia, with 60% nitrous oxide in oxygen, enabled us to obtain satisfactory CSEP recordings, and we did not observe any significant differences in latencies and amplitudes of CSEP between the two groups. In contrast, recovery was delayed significantly in the ketamine group.
During spine surgery, CSEP monitoring provides sensitive information on spinal cord dysfunction caused by mechanical spinal cord injury, ischaemia, or both. 1 2 9 In a large multicentre survey, including 51 263 procedures for major spine surgery, Nuwer and colleagues 2 reported that neurological deficits occurred in only 0.55% of patients when CSEP monitoring was performed. To increase the reliability of CSEP recording and monitoring, several independent technical factors should be controlled to decrease false positive and negative rates of spinal injury. First, experience in CSEP monitoring is an important factor, as reported previously. 1 2 16 In our study, CSEP monitoring was performed by the same neurophysiologist (F. L.) highly trained in intraoperative CSEP monitoring. 17 18 Second, the early cortical components, P1 and N1, are considered the most reliable waveforms for CSEP recording 1 19 because their amplitude is greater than that of other peaks and because they exhibit lower variability. 6 Indeed, P1 and N1 components usually exhibit variability less than 30% in amplitude and 1.0 ms in latency. 16 Consequently, in our study, P1 and N1 were analysed to obtain a better signal-to-noise ratio and to increase the reliability of our CSEP recordings. Third, factors other than the anaesthesia technique can affect CSEP recording. These factors are related to spinal cord ischaemia, profound and sustained systemic hypotension, 9 20 severe hypoxia 21 and low packed cell volume with hypovolaemic status. 1 20 In contrast, isovolaemic haemodilution in subjects with normal CSEP, as in our study, does not affect CSEP monitoring. 22 Impairment of CSEP monitoring may be related (mainly latencies rather than amplitudes) to hypothermia in the 25-35 ЊC temperature range, [23] [24] [25] hypocapnia 25 26 and hypercapnia. 25 We controlled all of these factors during surgery, including regional limb hypothermia. However, we recorded oesophageal temperature which correlates better with CSEP changes than lower limb muscle temperature. 24 Thus MAP, oesophageal temperature,
and haemoglobin concentration were maintained within values which enabled CSEP to be monitored satisfactorily throughout the study (table 2) . Moreover, there were no significant differences between the two groups for each of these variables (table 2) . Lastly, neuromuscular block was produced by vecuronium for tracheal intubation but was not maintained during the study. Neuromuscular block has not been shown to alter CSEP recording. 27 CSEP may be affected by volatile or i.v. anaesthetics, 1 5-8 and by their mode of administration (bolus vs continuous). 1 7 10 To improve CSEP recording and signal-to-noise ratio, some authors have suggested previously that ketamine be used as a general anaesthetic to increase cortical amplitudes of CSEP produced by peripheral nerve stimulation.
11
In contrast with previous observations, CSEP amplitude in the ketamine group was not increased significantly in our study. This difference may be explained easily. In our study, CSEP monitoring was performed throughout surgery over a long period (more than 2 h) and not only during the first 60 min after induction. As reported previouly, 28 the time course of anaesthetic effects on CSEP may be prolonged and complex, and to avoid confusing transient CSEP changes with sustained changes, a prolonged study is required. Examination of the results from Schubert, Licina and Lineberry 11 shows that the increase in CSEP amplitude was significant only during the first 30 min, immediately after bolus injection of ketamine, and was no longer significant 60 min later in comparison with pre-induction values, with or without exposure to nitrous oxide. To avoid transient CSEP changes, we performed continuous administration of i.v. anaesthetics. Moreover, our results are in accordance with a recent study in humans 29 which reported that the amplitude of mid-latency auditory evoked potentials is maintained, and not increased, during ketamine anaesthesia, compared with pre-induction values. It should also be pointed out that CSEP were recorded from the upper and not from the lower limbs in the study of Schubert, Licina and Lineberry. 11 Moreover, as in the studies carried out by Schubert, Licina and Lineberry 11 and Schwender and colleagues, 29 we did not observe any significant changes in the latencies of P1 and N1 with ketamine, and no significant differences were noted for latencies between the two groups. In summary, there were no significant differences between ketamine-midazolam and fentanyl-midazolam anaesthesia for CSEP variables throughout the study.
The only significant difference between the two groups was a greater delay in obtaining the first voluntary motor response in the recovery room. This suggests that the diagnosis of potential spinal cord dysfunction in the immediate postoperative period should have been delayed. Indeed, rapid postoperative assessment of spinal cord function is important to detect: (1) spinal cord injury limited to motor pathways, thus not detected by CSEP; (2) delayed consequences of intraoperative spinal cord injury; and (3) postoperative spinal cord injury (haematoma). Moreover, because an antagonist of ketamine does not exist, we may speculate that an intraoperative wake-up test could have been easier and more rapid with fentanyl-midazolam anaesthesia than with ketamine-midazolam anaesthesia. This may also be important, because fewer neurological deficits occurred if a wake-up test was performed with CSEP monitoring. 2 There are some limitations of this study. First, some patients scheduled for spine surgery may have abnormal preoperative CSEP. Because we studied patients with normal preoperative CSEP, further studies are thus required to assess the precise effects of ketamine in patients with abnormal preoperative CSEP. Second, the study included only 20 patients, and thus its power may have been too low to detect a significant difference. However, we considered that, if a significant difference does exist, then the magnitude of the difference between the two groups would not be clinically important.
In summary, both ketamine and fentanyl allowed satisfactory CSEP monitoring during major spine surgery, and we found no significant difference in CSEP monitoring between these two anaesthetic regimens. Nevertheless, ketamine was associated with a significant longer delay for first postoperative voluntary motor function assessment and would not allow a rapid peroperative wake-up test. Consequently, there appears to be at present no advantage in the use of ketamine during major spine surgery when CSEP monitoring is required.
